Summary. Lithium exerts an inhibitory effect on glucose-induced insulin release. Lithium (5 mmol/1) added 30 min prior to glucose stimulation or together with glucose (16.7 mmol/1) failed to affect first phase, but reduced second phase glucoseinduced insulin release by 35%. Similar results were obtained when islets isolated from rats following long-term oral lithium treatment were perifused with glucose (16.7 mmol/1). The inhibitory effect of lithium was counteracted by pretreatment of the rats with the alpha-adrenergic blocking agent dihydroergotamine, whereas the opiate antagonist naloxone had no apparent effect on lithium-induced inhibition of glucose-stimulated insulin release.
Lithium, an alkali metal used for treatment and prophylaxis of affective disorders, has been shown to cause impaired glucose tolerance [1] [2] [3] . This has been attributed to an inhibition of insulin release observed both in vivo [2, 3] and in vitro [4] . The mechanism by which lithium inhibits insulin release, however, has not been elucidated so far. In recent in vivo work [3] , it has been demonstrated that naloxone, an opiate antagonist, and dihydroergotamine (DHE), an alpha-adrenergic blocking agent, abolished the hyperglycaemic effect as well as the inhibitory effect of lithium on glucose-stimulated insulin release. The present study was carried out in vitro to investigate the effects of lithium on glucose-stimulated insulin release from isolated rat islets. The aim of the study was to test whether those effects were due to a primary effect of the ion on B cells or to secondary effects produced by lithium-induced alterations in opioids and catecholamines systems as described in vivo.
Materials and methods

Animals and drug administration
Male rats of the Wistar-derived strain weighing 300-350 g were used as source of pancreatic islets for all experiments. The animals were fed with commercial chow and housed under a 12-h light/dark cycle. When required, rats were pretreated with intravenous injections of either saline or dihydroergotamine (DHE) (0.3 mg/kg) (Dihydergot, Sandoz Pharmaceutical Co., Basel, Switzerland) 20 min prior to islet isolation, and/or with intraperitoneal injections of either saline or naloxone (17-allyl-4,5-epoxy-3,14 dihydroxymorphinan-6-one) (0.5 mg/kg) (Endo Laboratories, New York, NY, USA) in a volume of 10 lxl/g body weight 20 min prior to islet isolation. All drugs were dissolved in 0.9% NaC1. Both drugs were also tested in vitro. DHE and/ or naloxone were added to the perifusion medium, yielding concentrations of 4 Ixg/ml and 2 Ixg/ml, respectively.
Isolation and perifusion of islets for measurement of insulin release
Pancreatic islets were isolated from control rats and from DHE and/ or naloxone-pretreated rats by the collagenase digestion technique [5] . The islets were perifused using 50 islets per chamber (chamber volume 0.95 ml, Millipore; 5 micromillipore filter) as described in detail previously [6] . Two or four chambers were used in parallel depending of the design of the experiment. In the four chamber experiments, two chambers contained control islets and the other two contained islets from the drug-pretreated rats. Two perifusion media were employed: a standard perifusion medium for the first 30-min periods and control chambers, with a normal ionic composition (i.e. Na+ 139, K+ 5, Ca+ + 2, Mg+ + 2, C1-124, and CO3H-24mEq/l: pH7.4); and a perifusion medium for the last 90-min period in the experimental chambers, in which portions of 0.9% NaC1 were replaced by equal volumes of 0.65% lithium chloride (LiC1) (iso-osmotic with 0.9% NaC1) to give the desired concentration of lithium in the medium. In one set of six experiments, the islets in the experimental chamber were perifused with the lithium medium 30 min prior to glucose stimulation, whereas the control chamber was perifused with a standard perifusion medium. Both media were supplemented with 5 mg/ml bovine albumin, fraction V (Sigma Chemical Co, St. Louis, Mo USA) and glucose (E. Merck AG, Darmstadt, FRG) as required, 3.2 mmol/l in the first 30 rain of perifusion and 16.7 retool/1 in the second 90 rain. Fig. 2 . Effect of preperifusion with the lithium medium on the biphasic pattern of glucose-induced insulin release. Islets in the control chamber were perifused with normal ionic composition medium prior and after glucose stimulation ( 9 Islets in the experimental chamber were perifused for 30 min prior to glucose stimulation with the lithium medium containing glucose, 3.2 mmol/1. They were then exposed to 16.7mmol/1 glucose in the same lithium medium (A) for another 90 min. Both conditions were always carried out in parallel chambers. Values in the curves are means + SEM of results from 6 to 8 separate experiments
The media were gassed with 95% Oz and 5% CO2 delivered at a flow rate of 0.9-1 ml/min, and were collected in graduated tubes at 1-or 5-rain intervals. The volumes collected were recorded, and aliquots were removed for insulin assay. The insulin content of the perifusate was measured by radio-immunoassay (Amersham, Buckinghamshire, UK) using rat insulin standard. The rate of insulin secretion was expressed as microunits of insulin x islet -1 x min -1. At least six experiments were performed for each experimental situation.
Chronic lithium treatment
Male Wistar rats weighing 110 + 10 g at the start of the treatment were divided into two groups of 12 rats each. The rats were housed in individual cages in a thermostatically controlled room (20 +__ 2 ~ on a 12-h light/dark cycle with free access to rat chow. One group received only 15 mmol/1 LiC1 to drink (daily intake approximately 1-2 mmol/ kg), while the other group received only distilled water to drink (control group) for 3 months. The rats were weighed once a week. Pancreatic islets were isolated from control and from lithium-treated rats. Two chambers were used in parallel, with one of them containing control islets and the other containing islets fi'om the lithium-treated rats. Both chambers were perifused with a standard perifusion medium and stimulated with glucose as described above.
Statistical analysis
The results are expressed as the mean + SEM of the observed values. Significances of difference were estimated by Student's t-test for unpaired data; p values of 0.05 or less were considered significant.
Results
Acute lithium experiments
As shown in Figure 1 (control chamber), 16.7 mmol/1 glucose elicited a biphasic release of insulin. Insulin release started to rise 5-6 min after the increase of the glucose concentration from 3.2 mmol/1 to 16.7 mmol/1. A first peak at 7-8m in was followed by a nadir at 10-12 min and a progressively increasing second phase. Islets in the experimental chamber were perifused during the first 30 rain with normal ionic composition medium. Following this period lithium was added at the time of glucose stimulation. The effect of lithium on the biphasic pattern of glucose-induced insulin secretion is illustrated in Figure 1 . Lithium added at the time of glucose stimulation produced no significant decrease in the total insulin released in the first phase (first 8 min), whereas the second phase of release was clearly inhibited. Integrated insulin release during the first phase was 16 +_ 3 p~U/islet for 16.7 mmol/1 glucose alone, and not significantly different from 16.7mmol/1 glucose + lithium (13 + 2, p > 0.10); second phase release was 267___ 21 and 165 + 14 txU/islet, respectively (p < 0.05), which corresponds to an inhibition of 35%. The effect of preperifusion of islets with the lithium medium on the biphasic pattern of glucose-induced insulin secretion is shown in Figure 2 . Pretreatment with lithium produced no significant decrease in the total insulin released during the first phase (19 +_ 6 ktU/islet; control islets released 16 + 4 lxU/islet, p > 0.10), whereas the second phase of release was clearly inhibited (total insulin released in the second phase by control islets was 275 _+ 23 ~tU/islet, significantly different from insulin released by the lithium-treated islets (183 _+ 19, p < 0.05).
Effect of DHE and naloxone on lithium-induced inhibition of glucose-stimulated insulin release
When tested in vitro, DHE and/or naloxone did not counteract the reduction in glucose-stimulated insulin release (results not shown). Following isolation, islets were perifused for 30 min with 3.2 mmol/1 glucose. They were then exposed to 16.7 mmol/1 glucose in a normal ionic composition medium; vehicle-pretreated islets ((3) and naloxone-pretreated islets (A) or in a lithium (5 mmol/1) medium; vehiclepretreated islets (t) and naloxone-pretreated islets (A). All conditions were always carried out in parallel chambers. Values in the curves are means ___ SEM of results from 6 to 8 separate experiments The effect of pretreatment of rats with DHE on lithium inhibition of glucose-stimulated insulin release is shown in Figure 3 . When islets isolated from DHE-pretreated rats were perifused with the lithium (5 mmol/1) medium + 16.7 mmol/1 glucose, the inhibitory effect of lithium on the second phase of glucose-stimulated insulin release was abolished. Integrated insulin release during the second phase was 235-+ 19 ~tU/islet for the DHE-pretreated islets + lithium, and not significantly different from saline pretreated islets + control medium (259+ 18). Integrated insulin release was significantly different from saline pretreated islets+lithium (150_+ 11, p < 0.05). DHE pretreatment had no effect on glucose-stimulated insulin when islets were perifused with the control medium (257 +_ 15 lxU/islet).
The effect of pretreatment of rats with naloxone on the inhibitory effect of lithium on the second phase of glucose-stimulated insulin release is shown in Figure 4 . Pretreatment of rats with the opiate antagonist, naloxone, did not modify the inhibitory effect of lithium. In-tegrated insulin release during the second phase was 162 + 17 p.U/islet for naloxone pretreated islets + lithium, and not significantly different from saline pretreated islets +lithium (188 + 18). It was significantly different from saline pretreated islets+control medium (272 _ 22, p < 0.05). Naloxone pretreatment had no effect on glucose-stimulated insulin release when islets were perifused with control medium (258 +25 ~tU/islet).
When pretreatment of DHE and naloxone were combined (Fig. 5) , the second phase of the glucose-stimulated insulin release inhibition caused by lithium was prevented. Integrated insulin release during the second phase was 258 + 16 [tU/islet for pretreated islets + lithium, and not significantly different from saline pretreated islets + control medium (263 _ 24). It was significantly different from saline pretreated islets +lithium (161+13, p<0.05). The combined pretreatment of these two drugs had no effect on glucose-stimulated insulin release when islets were perifused with control medium (271 + 20 ~tU/islet).
Effect of long-term lithium treatment on glucose-induced insulin release
Administration of lithium in the drinking water did not significantly affect fluid consumption compared to the water intake of the control group, nor did any significant differences in body weight occur between the two groups (final body weight 310+25 and 330_10g for lithium and control groups, respectively).
A biphasic pattern of insulin release was demonstrated in islets from both lithium-treated and control rats following stimulation with 16.7 mmol/1 glucose, although the amount of insulin released during the second phase was significantly lower in the lithium-treated rats than in the control rats (192+11 and 274+ 151xU/islet, respectively) (p<0.05). No inhibition of the first phase was observed (Fig. 6 ).
Discussion
Several authors have found an inhibitory effect on glucose-induced insulin secretion when sodium was replaced or partially replaced by lithium in order to study the effect of low sodium concentrations on insulin release [7] [8] [9] . In addition, it has been shown that in the intact rat lithium exerts an inhibitory effect on glucose-induced insulin release [2, 3] . The present study confirms previous findings [4] that in vitro lithium has an inhibitory effect on insulin secretion; glucose-induced insulin release was partially inhibited by lithium. Moreover, there was a clear difference in the sensitivity of the two phases of insulin release towards lithium; whereas the first phase in perifusion was not significantly affected by lithium, the second phase was reduced by 35%. To determine whether these effects of lithium on both phases of glucose-induced insulin release were longlasting, we examined the effect of long-term lithium administration on the islets. The decrease in the secretory rate for insulin during the second phase of glucose-induced release in islets from lithium-treated rats showed that the inhibitory effect of lithium did not revert to normal under in vitro conditions in which lithium was absent from the perifusion medium. Thus, long-term administration of lithium resulted in a significant inhibition of the second phase of glucose-induced insulin release.
The present results also demonstrate that pretreatment of rats with DHE, an alpha-adrenergic receptor blocker, prevented lithium from inhibiting glucose-stimulated insulin release in islets. This suggests that alphaadrenergic drive may play a role in lithium-induced insulin release inhibition, as has been described in vivo [3] . Morphological studies have shown that islets of most mammals contain sympathetic and parasympathetic nerve terminals that end blindly near the islet cells [10, 11] . Although effects of lithium on the action of the major neurotransmitters have been reported, the neurochemical basis of lithium action is still not understood. Studies on the effect of lithium on adrenergic-receptor properties have provided conflicting data. Some authors [12, 13] have observed that alpha-adrenergic receptor binding increased following chronic lithium treatment. Treiser et al. [14] , on the other hand, were not able to observe any increases in alpha-adrenergic receptors after administration of lithium. Correlations have been described between alpha-adrenergic inhibitions of insulin release and of calcium uptake by the islet cells [15, 16] . That lithium-inhibited glucose-induced insulin release can be relieved by DHE supports the idea of an alpha-adrenoceptor mediated response. As DHE is a non-selective alpha receptor blocker, further studies are needed to decided whether the inhibitory influence of lithium is an alpha-I or an alpha-2 response, as several studies have established that glucose-stimulated insulin release is sensitive to alpha-2 agonists [17, 18] .
Previous findings obtained in vivo suggest that opioids may be involved in the inhibitory effect of lithium on glucose-stimulated insulin release [3] . In addition, chronic lithium administration has been found to increase levels of enkephalin in the striatum [19] . Nevertheless, we found that naloxone pretreatment failed to counteract the effect of lithium on glucose-stimulated insulin secretion in vitro. Our results indicate, therefore, that the mechanism of action of lithium in vivo may differ from its action in vitro. Whereas the action of lithium seems to be regulated through the opioid-catecholamine system in vivo, opioids seem not to be implicated in lithium inhibition of glucose-induced insulin release in vitro. Further studies to test this notion are in progress.
